Abstract: Decorrelation noise in strain images can be significantly reduced using coded pulse excitation. Linear, frequency-modulated chirp pulses were applied to image tissue mimicking phantoms with 2.5-mm-diameter inclusions that mimick the elastic properties of breast lesions. We observed a 5-10 dB reduction in echo SNR (eSNR) that led to a doubling of the depth of focus for strain images without a significant loss of axial resolution. Coded excitation allows use of higher transmission frequencies and shorter correlation windows that improve spatial resolution. Strain imaging performance is quantified using SNR strain , modulation transfer function (MTF) and contrast to noise ratio (CNR strain ). The performance of chirp and short pulses were compared using simulations and phantom measurements. The challenge is to design robust pulse sequences that can be decoded despite distortions from tissue deformation.
I. INTRODUCTION
Ultrasound-based strain imaging can reveal soft tissue regions that stiffen from disease processes and inflammation. Detection of breast neoplasms is one promising application where the elastic modulus contrast for a cancerous lesion can be up to two orders of magnitude greater that the surrounding normal tissue [1] . Lesion visibility is therefore limited by factors affecting noise or spatial resolution. Loss of ultrasonic echo coherence from low eSNR produces a very intense form of strain image noise known as decorrelation noise that obliterates lesion visibility. eSNR falls quickly at points far from the focus of low-f-number apertures [2] . In that situation, larger correlation windows may be applied to reduce decorrelation noise but at the cost of axial resolution [3] . This paper describes one type of coded pulse excitation method that significantly increases eSNR without a loss of resolution. It is therefore possible to use higher transmission frequencies, for example, in breast imaging, to convert some of the eSNR improvement into enhanced spatial resolution.
Coded excitation involves the transmission of a pulse with a time-bandwidth product (TBP) greater than 1. The aim is to transmit greater time-averaged power without increasing peak instantaneous power. When the acoustic power is transmitted in certain sequences or codes, the received signal can be decoded to compress the pulse power and restore axial resolution. If decoding is successful, eSNR is increased by the time-bandwidth product, which allows for greater tissue penetration and/or high transmission frequencies. If it is incomplete, range lobes are generated that reduce image contrast by extending the axial impulse response.
O'Donnell found that 15-20dB improvements in eSNR are possible for typical B-mode imaging situations [4] . To the traditional tradeoffs required when applying coded pulse excitation -eSNR, frame rate, frequency-dependent absorption, clutter from range lobes, and spatial resolutionwe must now consider the effects of distortion of the code from the applied deformation required to form a strain image. The goal is to translate improvements in eSNR into improvements in SNR strain .
This paper presents a preliminary study of coded excitation for breast strain imaging where the performance requirements include high spatial resolution (lesion size <5 mm) and low noise for penetration < 5 cm. We first summarize the signal model for coded excitation in strain imaging. Then, SNR strain , MTF and CNR strain are compared for a chirp sequence and short pulse under practical operating conditions that comprise electronic noise level, attenuation/reflection, and applied deformation.
II. METHOD Signal Model
A block diagram of echo signal formation and strain estimation using coded pulse excitation is shown in Fig. 1 . It combines the signal models of [5] and [6] . 
where [7] . Fig. 1 also represents strain imaging with a short pulse where
. The white Gaussian noise added to ) (t g was the same for both pulses.
Echo Simulation
Object scatterers f are positioned on a 1-D spatial axis using Monte Carlo methods [3] .
is modeled as a Gaussian modulated sine wave with a center frequency of 10 MHz and 60% fractional bandwidth. The temporal durations of the short and chirp pulses ) (t h c at 60% bandwidth are 0.1 µs and 5 µs respectively.
To assess performance for the two strain imaging methods, three software phantoms were used to simulate tissue strains: homogeneous, impulse and lesion (Fig 2) . The homogeneous strain phantom is adopted to study SNR strain under conditions where eSNR is in the range of 10-50 dB, attenuation 0.1-0.9cm/dB/MHz, and the applied strain is between 0.1%-1%. The impulse strain phantom is used to investigate the effects of the transmitted pulse on axial resolution. The lesion strain phantom is used to study lesion visibility via CNR strain .
Fig 2 Strain images from three software phantoms
We define eSNR from data of the homogeneous phantom and 
where ε ε ρˆ is the correlation coefficient [7] between measured dˆand known d displacements at zero lag. The local impulse response (LIR) and its normalized Fourier transform, the modulation transfer function (MTF), are used to compared the axial resolution for both pulses. For short-time pulses, Bmode axial resolution sets the upper bound on strain axial resolution, although the duration of the correlation window usually determines the attainable resolution [3] . For coded pulse excitation, the impulse response of the transducer
is low-pass filtered by the autocorrelation cc R of the code ) (t c . This degrades the upper limit of axial resolution. However, the increased eSNR of coded excitation allows use a shorter correlation window, which allows us to restore the attainable resolution.
CNR strain is determined from data of the lesion strain phantom and [8] In all cases, 100 independent echo waveform pairs were simulated, individually processed to estimate strain, and then averaged.
Experiment Setup and Phantom Measurements
We developed ultrasonic strain imaging system [10] specifically for imaging animal models of breast disease. An 8-ring, 30-mm-diameter, f/1.5, spherically focused annular array was built to generate 10 MHz pulses with 60% bandwidth [2] . This transducer dynamically focuses on receive only without aperture growth. Echoes are recorded with a sampling rate of 62.5 MHz while the transducer is mechanically scanned by a linear positioner under microprocessor control. The -6 dB depth of focus (DOF) for B-mode imaging is extended from 2.4 mm to just 3.2 mm after dynamic focusing (Fig 3) . Therefore the eSNR remained insufficient for strain imaging over a 10 mm depth near the focal length without significant decorrelation (Fig 8) .
We applied a chirp pulse designed to increase eSNR and allow decorrelation-free strain imaging over a 10 mm DOF. The durations of the short pulse and chirp pulse were 0.26 µs (TBP ≈ 1) and 2.6 µs (TBP ≈ 10), respectively. For both, the peak excitation voltages (V pp = 200v) and bandwidths were kept constant. Consequently, the expected increase in eSNR was 10 dB. We measured an increase in the -6dB DOF from 3.2 mm to 9 mm. A 35mm х 10mm graphite/agar phantom (Fig. 3) having acoustic properties similar to breast tissue was built for strain imaging. The B-mode image of the phantom is shown in Fig 2. Measured attenuation is 5.4dB/cm/MHz at 10MHz. Three hard inclusions with diameter 2.5mm were embedded at 2 mm, 5 mm and 8 mm depths, respectively. Transmit focal zone is centered on the center inclusion. All processing was performed off-line on Pentium computers. Fig.4 (a) shows SNR strain for the short and chirp pulses as a function of eSNR. Other parameters are held constant. Both values increase as eSNR improves. And short pulse is more sensitive to eSNR than the chirp pulse. Under noise-limited conditions (eSNR < 30 dB), the chirp pulse significantly outperforms the short pulse with the same bandwidth. We fixed eSNR at 30 dB based on our experience with breast imaging and then studied the effects of increasing the slope of the frequency-dependent attenuation coefficient. Results are summarized in Fig 4(b) . SNR strain values fall with increasing attenuation slope for both pulses, although the decline is much greater for the short pulse. Our simulation predict that coded pulse excitation significantly reduces strain noise in highly absorbing tissues. Fig 6(a) shows the modulation transfer function (MTF) curves for both pulses when the correlation window is shorter than transducer pulse. So the MTF curves demonstrate the upper limit axial resolution of both pulses [3] . Fig. 6(b) shows the local impulse responses (LIR) when the correlation window is longer than transducer pulse. The width of the mainlobe shows the attainable resolution which is determined by correlation window [3] . Fig 6(a) predicts a small degradation in upper bound resolution when coded excitation is applied. However, Fig 6(b) shows coded excitation has a better performance in SNR strain under same attainable resolution. Therefore, combined with improvements in SNR strain , coded pulse excitation permits use of shorter correlation windows and higher frequencies that enhance resolution. Comparing to strain images of conventional short pulse, coded excitation can successfully suppress strain noise under noiselimited condition.
Fig 3 B-mode image of a lesion mimicking phantom

III. RESULTS
Echo Simulation Results
IV. CONCLUSION
This paper presents a preliminary study of coded excitation for ultrasonic strain imaging along with simulations and experiments. We compared the performance of conventional short pulse and chirp pulse excitations under the operating conditions of breast imaging. The SNR strain improvements provided by chirp pulse excitation in noise-limited, high frequency-dependent attenuation or small deformation condition are demonstrated along with simulations and experiments. Both MTF and CNR strain studies show that there is some degradation of axial resolution although the large increase in eSNR leads to a significant increase in lesion visibility (Fig 8) . Greater eSNR allows for shorter correlation windows and higher frequency bandwidths that can improve attainable spatial resolution.
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